INTRODUCTION
Juvenile nephronophthisis (nephronophthisis type 1), the most frequent genetic cause of end-stage renal disease in children and young adults, is characterized by kidney tubular atrophy and cyst formation occuring primarily at the cortico-medullary border (reviewed in refs. [1] [2] [3] [4] . The human gene (NPHP1) responsible for juvenile nephronophthisis encodes a 677 amino acid protein termed "nephrocystin" (5, 6) 1 . The elucidation of the primary structure of nephrocystin gave few clues to biochemical function and hence provided no immediate insight into the mechanism of disease pathogenesis. The most notable structural feature is a "Src homology 3" (SH3) 2 domain, a widespread protein-protein interaction module recognizing proline-rich motifs, which spans residues 157-207 of human nephrocystin. Another structural feature predicted from the nephrocystin amino acid sequence is a series of three 17-18 residue stretches, all within the Nterminal 105 amino acid residues, predicted to form short coiled-coil domains (7, 8) . The coiledcoil domain is an amphipathic α-helical heptad repeat recognized for its ability to mediate protein dimerization or oligomerization through hydrophobic interactions (9) . The presence of SH3 and coiled-coil domains indicate nephrocystin functions as part of a larger protein complex.
In addition to human, cDNAs encoding full-length mouse nephrocystin have been described (7, 8) , as has a partial cDNA for canine nephrocystin (7) . Comparison of the human and mouse sequences indicate that the N-terminal region of predicted coiled-coiled domains and the nearby SH3 domain are well-conserved, with each showing 80% amino acid identity. However the Cterminal two-thirds of nephrocystin (human residues 228-677, mouse residues 241-691) 1 is even more highly conserved with 87% amino acid identity, indicating that this region of the protein also has an important function conserved through evolution. Protein sequence database searches reveal only one other protein with clear homology to the large conserved nephrocystin C-terminal region --a hypothetical C. elegans protein designated M28.7 that shows 23% overall identity and 42% similarity to the human sequence (8) . Also conserved in M28.7 are the SH3 and putative coiledcoil domains further indicating it represents a distantly-related nephrocystin ortholog. Since the conserved C-terminal two-thirds of nephrocystin appears to represent a unique structural and functional protein domain, it can be conveniently referred to it as the "nephrocystin homology by guest on July 15, 2017 http://www.jbc.org/ Downloaded from 4 domain" (NHD). The NHD, SH3, and coiled-coil domains are separated by short poorlyconserved stretches rich in glutamic acid residues.
Expression studies indicate that the nephrocystin transcript is not uniquely expressed in the kidney, but is widely detected in mouse embryos and in a variety of human and mouse adult tissues (7, 8) . Thus nephrocystin may function in many cell types, although the pathogenic consequence of loss-of-function is confined largely to the kidney.
While the biochemical function of nephrocystin is still obscure, recent studies aimed at identifying nephrocystin-interacting proteins point to a possible role in adhesion-regulated signaling events involved in regulating the actin cytoskeleton. The first indication of this came from independent yeast two-hybrid screens which identified the protein "Crk-associated substrate"
(CAS) as a binding partner for the nephrocystin SH3 domain (4, 7) . Both nephrocystin and CAS were shown to localize prominently at sites of cell-cell contact in polarized Madin-Darby Canine Kidney (MDCK) epithelial cells (7) . CAS is a signaling protein that interacts with nonreceptor tyrosine kinases of both the focal adhesion kinase (FAK) and Src families and undergoes tyrosinephosphorylation in response to integrin-mediated cell adhesion, an event which has been implicated in various cellular responses including actin cytoskeletal changes associated with migration (reviewed in ref. 10) . CAS has been further implicated as a regulator of actin cytoskeletal architecture at sites of cell adhesion from a mouse knockout study which revealed that CAS deficiency results in a disorganization of cardiocyte myofibrils and Z-disks, while CAS-null mouse embryo fibroblasts exhibit disorganized actin stress fibers (11) . Another recent study found evidence for an interaction between the nephrocystin SH3 domain and the tyrosine kinase PYK2, a member of the FAK family, and reported that forced expression of nephrocystin in kidney innermedullary collecting duct cells was associated with both a relocalization of PYK2 to an insoluble subcellular fraction and an increase in PYK2 tyrosine phosphorylation (12) . In addition to CAS and PYK2 (7, 12) , nephrocystin has also been shown to co-immunoprecipitate with tensin (12), a tyrosine kinase substrate and actin-binding protein also localized at sites of cell adhesion.
Interestingly, the mouse knockout of the gene encoding tensin gives rise to a cystic kidney phenotype similar to nephronophthisis (13 
Expression of c-Myc and HA epitope tagged proteins in COS-7 cells --Construction of
plasmids pRK5mycNphFL and pRK5mycNph∆SH3 for expression of N-terminal c-Myc epitopetagged mouse nephrocystin (full length and SH3 deletion, respectively) have been described (7).
Additional pRK5myc-based plasmids were constructed for expression of additional N-terminal cMyc tagged mouse nephrocystin deletion mutants: mycNph∆Coil lacks the N-terminal 106 amino acid residues including the coiled-coil domain, mycNHD lacks the N-terminal 220 residues including both the coiled-coil and SH3 domains, mycNph∆C77, mycNph∆C266, and mycNph∆C371 lack the C-terminal 77, 226, and 371 residues, respectively. The full length mouse nephrocystin cDNA was also subcloned into mammalian expression vector pJ3H (14) for expression of HA-Nph∆C77 and HA-Nph∆C266. All plasmid constructs were made using standard procedures and confirmed by sequencing. The plasmid pCDM8-ABP6.6 (kindly provided by Joan Fox, Cleveland Clinic Foundation) which expresses amino acid residues 1-2136 of human filamin-A (filA-2136) has been described (15 
Stable expression of c-Myc epitope-tagged mouse nephrocystin variants in MDCK cells --
Construction of pCB6-mycNph and pCB6-mycNph∆SH3 and the establishment of mycNphFL and mycNph∆SH3 cells lines has been described previously (7) . Construction of pCB6-mycNph∆Coil, pCB6-mycNph∆C77, pCB6 mycNph∆C266, and pCB6-mycNHD, and the establishment of their respective MDCK cell lines (mycNph∆Coil, mycNph∆C77, mycNph∆C266, and mycNphNHD) was carried out by subcloning from the relevant pRK5myc plasmid as previously described (7).
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Immunofluorescence microscopy --The culture, fixation, and immunostaining of the MDCK cells stably expressing the c-Myc epitope-tagged nephrocystin variants was carried out as previously described (7) except that goat anti-mouse IgG Alexa 488 conjugate (3.3 µg/ml) was used as the secondary antibody. The cells were viewed on a Zeiss Axiophot microscope. 
Two-hybrid screen and analysis --

Transepithelial resistance measurements--Various MDCK cell lines stably expressing
either Myc-tagged NphFL, Nph∆SH3, or the vector alone were analyzed by electric cell-substrate impedance sensing (ECIS) (16) . Briefly, cells from confluent populations were harvested by gentle trypsinization, resuspended at 10 6 cells/ml in culture medium (Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 0.1 mM non-essential amino acids, 200 mM L-Glutamine, and 100 units/ml penicillin, 100 µg/ml streptomycin), then seeded in duplicate into ECIS electrode wells at 2x10 5 cells/cm 2 . The resistance generated as the cells settled, spread, and polarized was measured continuously at a frequency of 600 Hz over 48 hrs. The "average fold increase in resistance" was calculated as the ratio of average maximal resistance to average initial resistance for duplicate wells in three independent experiments. Statistical analysis was performed using one-way, between groups ANOVA. A p value < 0.05 was considered significant. As an initial characterization, plasmids expressing Myc-tagged nephrocystin variants were transfected in COS-7 cells and expression was analyzed by immunoprecipitation and immunoblotting using the 9E10 antibody against the Myc tag (Fig. 2B, top panel) . All variants were expressed, although two large truncation mutants, Nph∆C371 and NphNHD, were expressed to lower levels than the others (Fig. 2B, open arrows) . During this analysis for NphFL, we observed that the 9E10 antibody detected not only a major band of the expected size of ~90 kDa but also a minor band of ~180 kDa ( Fig. 2A, lane 1, arrow) . The apparent mass of the minor band and its recognition by the 9E10 antibody suggest it represents a nephrocystin homodimer that either persists or forms after boiling in electrophoresis sample buffer. The presence of predicted coiledcoil domains in nephrocystin may be expected to play a role in stabilizing such a dimer. However analysis of the Nph∆Coil mutant also revealed the high molecular mass band, although it was now shifted in size reflective of the truncation (Fig. 2A, lane 2, arrow) . Thus the N-terminal coiled-coil domains do not play an essential role in stabilizing the putative dimer.
To determine if nephrocystin is capable of self-associating in cells, and to better define the region responsible, the panel of Myc-tagged nephrocystin variants were individually expressed in immunoprecipitate. Figure 2B (lower panel) shows the results obtained when immunoprecipitates were formed using 9E10 antibody and the recovery of coprecipitating HA-tagged NphFL was assessed by immunoblotting with 12CA5 antibody. HA-tagged NphFL was readily detected in each immunoprecipitate except for that of Myc-tagged Nph∆C371 (Fig. 2B, lane 7) . The detection of HA-tagged NphFL in the immunoprecipitates of Myc-tagged NphNHD, even though NphNHD was expressed to a lower level than Nph∆C371, indicates that the inability to detect HA-tagged NphFL in the Nph∆C371 immunoprecipitate is not simply due to low expression (note that the terminal Myc tag. Since our previous study revealed that nephrocystin co-localizes prominently with E-cadherin at cell-cell adherens junctions of MDCK cells (7), we sought to determine the targeting domain responsible for this localization. Thus cells expressing nephrocystin variants were grown on Transwell filters, and the 9E10 antibody was used to determine subcellular localization by indirect immunofluorescence staining. In addition to NphFL, the prominent cell-cell junctional localization was observed for Nph∆SH3, Nph∆Coil, and NphNHD (Fig. 3, A-D) , indicating that the NHD is sufficient to target nephrocystin to the cell-cell junctions while neither the SH3 nor coiledcoil domains are required. However removal of the C-terminal 266 amino acid residues of nephrocystin prevented the junctional localization, as did the much shorter C-terminal truncation of 12 77 residues (Fig. 3, E and F) . As controls for antibody-specificity, we observed no 9E10 immunoreactivity in either parental MDCK cells or cells expressing the vector alone (data not shown).
The NHD Interacts with Filamins --To further study the NHD, a yeast two-hybrid screen was conducted using a "bait" consisting of the C-terminal 470 amino acids of canine nephrocystin representing the entire NHD (Fig. 4A) . The bait was screened against a cDNA library derived from polarized HCA-7 cells, a well-differentiated human colorectal epithelial cell line. The screen netted 19 independent cDNAs encoding putative nephrocystin-interacting proteins (designated "PINs").
Of these, two PINs were notable in that they represented homologous regions of two different members of the class of actin-binding proteins known as filamins ( (Fig. 6B, compare lanes 2 and 3) . Thus, while the C-terminal 266 amino acid residues are dispensible for the interaction, those present in Nph∆C77 and absent in Nph∆C266 (i.e. aa 425-614) appear to aid in stabilizing the interaction with filamin-A. 
MDCK Cells Expressing Nph SH3 have Reduced Capacity to Establish Polarity
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( Fig. 7B ). However each of two cell lines isolated that express Nph∆SH3 to similar high levels exhibited a significantly reduced ability to establish transepithelial resistance (Fig. 7) . From the time course data (Fig. 7A) , it is apparent that Nph∆SH3 clones behave similarly to control clones during the initial 2-3 hr period as cells attach and spread on the electrode, while the second phase of resistance increase due to cell polarization and tight junction formation occurs at a reduced rate for the Nph∆SH3 clones and reaches a maximum level typically 25-40% below that normally achieved (Fig. 7A) .
DISCUSSION
In this study we examined various functional properties of major conserved domains in nephrocystin including the coiled-coil and SH3 domains in the N-terminal region as well as the large highly conserved "nephrocystin homology domain" (NHD) that makes up the C-terminal two-thirds of the protein. Our study revealed two unexpected functions for the NHD: 1) a selfassociation function dependent on ~100 amino acid residues within the NHD N-terminal half, and (2) (17) (18) (19) , raising speculation that nephrocystin may somehow participate with one or both of these proteins in tyrosine kinase signaling events. However unlike CAS and PYK2, nephrocystin has not been detected at focal adhesion sites where clustered integrins adhere to ECM substrata (7) and we have been unable to either detect cellular tyrosine phosphorylation of nephrocystin or observe significant changes in the ability of CAS to undergo integrin-dependent tyrosine phosphorylation in cells overexpressing nephrocystin (unpublished observations). Indeed, the targeting of nephrocystin to sites of epithelial cell-cell adhesion argues against a role in signaling events triggered by cell-ECM adhesion while supporting a role in cell-cell adhesion events important for establishing polarity. Epithelial cell-cell junctions where CAS and nephrocystin colocalize are also prominent sites of cellular phosphotyrosine (20) (21) (22) , and nephrocystin could conceivably modulate a CAS tyrosine phosphorylation signaling pathway associated with cell-cell adhesion events. Alternatively, a nephrocystin-CAS complex could have phosphorylationindependent roles in regulating the actin cytoskeleton at or near cell-cell adhesion sites. In contrast to CAS, recent observations indicate that nephrocystin expression promotes increased tyrosine phosphorylation of PYK2 (12), although additional studies will be necessary to determine the mechanism involved and the relationship to integrin-mediated cell adhesion and/or the establishment of epithelial cell polarity. Interactions mediated by the nephrocystin SH3 domain with other, yet to be determined, proteins could contribute to the establishment of polarity.
Unlike the SH3 domain, no binding partners have been identified for the nephrocystin Nterminal coiled-coil domains. Since coiled-coil domains are often involved in mediating highly stable protein interactions leading to formation of homodimers or oligomers (9), a reasonable speculation is that the nephrocystin coiled-coil domains could likewise promote homodimerization.
Indeed, our observation, from analysis of immunoblots of myc-tagged nephrocystin immunoprecipitates, of a 9E10 antibody-immunoreactive band of approximately twice the nephrocystin mass indicated the formation of highly stable dimers resistant to denaturation by SDS. However follow-up coimmunoprecipitation studies, while confirming the capacity of nephrocystin to self-associate, demonstrated that this property is independent of the coiled-coil domains while requiring a region of the NHD lying between amino acid residues 321 to 425. This segment lies within the most highly conserved portion of the protein, and exhibits 89-91% identity (> 95% similarity) among the human, mouse, and canine orthologs. The capacity of nephrocystin to form dimers could be an important aspect of its biochemical function by generating a highly stable protein core to which other proteins in the complex are recruited.
A major goal of the present study was to identify nephrocystin domains responsible for targeting the protein to epithelial cell-cell junctions. Surprisingly, we found that neither the SH3 nor coiled-coil domains were required, while the NHD was found to be necessary and sufficient for localizing nephrocystin to the cell-cell junctions. The NHD likely interacts with specific protein(s)
at the cell-cell junctions to stabilize its localization at this site. Analysis of C-terminal deletion mutants indicated that even the smallest deletion of 77 residues, Nph∆C77, abolished the junctional targeting. The same mutation had no effect on the ability of nephrocystin to self-interact, thus these two properties are functionally distinct. It will be of interest in future studies to identify the NHDbinding proteins at the cell-cell junctions, and to determine the requirement of the nephrocystin Cterminus for other nephrocystin properties including the ability to promote PYK2 phosphorylation. As with other products of cystic kidney disease genes, nephrocystin is thought to function in the development and/or maintenance of fully differentiated polarized kidney tubular epithelia. Positions of HA-tagged nephrocystin variants are indicated. Donaldson et al., Fig. 7 
